The microbial quality of eggs entering the hatchery is an important critical control point for biosecurity, pathogen reduction, and food safety programs in poultry production. Developing interventions to reduce Salmonella contamination of eggs is important to improving the microbial food safety of poultry and poultry products. The hydrogen peroxide (H 2 O 2 ) and ultraviolet light (UV) Advanced Oxidation Process (AOP) has been previously demonstrated to be effective in reducing Salmonella on the surface of experimentally contaminated eggs. The objective of this study was to evaluate the effect of treating eggs with an eggsanitizing apparatus using the H 2 O 2 /UV AOP on Salmonella contamination during incubation, hatching, and in broiler chicks during grow-out. Experimentally contaminated eggs were treated using the automated H 2 O 2 /UV AOP egg sanitizer and incubated for 21 d. AOP sanitization reduced Salmonella up to 7 log 10 cfu egg −1 (P < 0.05) from the surface of experimentally contaminated eggs and reduced the number of Salmonella positive eggs by up to 75% (P < 0.05) when treated 1 h post-inoculation. AOP treatment also reduced the number of Salmonella-positive eggs during incubation. Additionally, Salmonella was recovered from more chicks hatched from untreated eggs than from eggs treated using the H 2 O 2 /UV AOP egg sanitizer (P < 0.05) through 14 d posthatch. These data suggest reduction of Salmonella contamination on the surface of eggs using the H 2 O 2 /UV AOP egg sanitizer prior to incubation may reduce the gastrointestinal colonization of chicks by Salmonella.
INTRODUCTION
Salmonella is a leading cause of bacterial foodborne illness in the United States (Hoffmann et al., 2015) , with poultry and poultry products being recognized as a major reservoir for this important human pathogen (Wray and Wray, 2000) . The isolation of identical Salmonella serotypes in the hatchery and from processed product suggests hatcheries could be an important initial source of Salmonella contamination in the poultry production chain (Bailey et al., 2002; Kim et al., 2007) . Although additional Salmonella serovars, including Salmonella Kentucky and Salmonella Enteritidis, have increasingly been isolated from broilers, Salmonella Typhimurium has historically been the predominant cause of broiler-associated infections in humans (Foley et al., 2011; Finstad et al., 2012) . Salmonella from infected broiler breeders can be transmitted pseudo-vertically via feces to newly laid eggs (Mine et al., 2003) , and contaminated eggs have been demonstrated to be an important source for the spread of Salmonella to uncontaminated eggs in incubators and during hatching (Cason et al., 1994) . Additionally, Salmonella Typhimurium contamination of newly hatched chicks has been demonstrated to transmit horizontally within growing broiler flocks (Byrd et al., 1998) . Thus, the reduction of Salmonella contamination of eggs prior to entering the hatchery is a critical control point (Bailey et al., 1996) for which the development of effective interventions could be useful to improve microbial food safety of poultry production.
Hydrogen peroxide (H 2 O 2 ) (Sheldon and Brake, 1991; Padron, 1995; Sander and Wilson, 1999) and ultraviolet light (UV) irradiation (Kuo et al., 1997; Chavez et al., 2002; Coufal et al., 2003) have been demonstrated to be effective methods of sanitizing eggshell surfaces. The combination of H 2 O 2 and UV irradiation as an Advanced Oxidation Process (AOP) represents an important alternative to conventional chemical sanitizers. AOPs are aqueous phase oxidation methods based on the generation of highly reactive oxygen species (Comninellis et al., 2008) . The photolysis of H 2 O 2 by UV results in the generation of hydroxyl radicals (Legrini et al., 1993) . The H 2 O 2 /UV AOP has been demonstrated to be effective for the 3709 inactivation of vegetative bacteria, bacterial endospores, and viruses (Bayliss and Waites, 1982; Mamane et al., 2007; Ikai et al., 2010) . H 2 O 2 /UV advanced oxidation has also been demonstrated to be effective in reducing total aerobic bacteria and both Salmonella Enteritidis and S. Typhimurium on eggshell surfaces (Wells et al., 2010; Al-Ajeeli et al., 2016; Gottselig et al., 2016) . Additionally, no reduction in hatchability was observed when eggs were treated using up to 6 repeated applications, suggesting the H 2 O 2 / UV AOP does not significantly alter the eggshell cuticle (Wells et al., 2011) . Although the effectiveness of the H 2 O 2 /UV AOP in reducing Salmonella contamination on eggshell surfaces has been demonstrated previously, the subsequent effect of this Salmonella reduction during incubation and in broiler chicks has not been evaluated. In this study, we evaluated the effect of treating eggs using an automated H 2 O 2 /UV AOP egg sanitizer on Salmonella contamination of experimentally contaminated eggs during incubation, hatching, and in broiler chicks raised to 14 d posthatch.
MATERIALS AND METHODS

Eggs
Broiler hatching eggs (Cobb) were obtained from a commercial hatchery for use in studies in which eggs were hatched, whereas eggs were obtained from the Texas A&M University Poultry Science Teaching, Research, and Extension Center (College Station, TX) for all other studies. Visibly clean, unwashed eggs were collected from hens within 24 h of lay immediately prior to use.
Experimental Salmonella Contamination of Eggs
Eggs were experimentally contaminated using a primary poultry isolate of Salmonella Typhimurium, which had been selected for resistance to novobiocin and nalidixic acid and used previously in several studies in which broiler chickens were experimentally inoculated (Byrd et al., 1998) . Salmonella Typhimurium was cultured aerobically at 37
• C using tryptic soy broth (TSB, Difco, Detroit, MI), harvested by centrifugation, and re-suspended to 10 9 cfu mL −1 using either TSB, sterile phosphate-buffered saline (PBS, Fisher Scientific, Pittsburgh, PA), buffered peptone water (BPW, Difco), or a sterile 10% (wt/vol) suspension of feces in PBS (FS) as indicated. In order to evaluate inoculation methods, Salmonella Typhimurium suspended in PBS was transferred to the surface of eggs by pipetting 100 μL of inoculum onto the surface of eggs and spreading using a sterile disposable loop, spreading the inoculum using a gauze pad or cotton ball soaked in suspension, or rolling the egg on a sponge soaked in suspension. In order to evaluate inoculation media, 100 μL of Salmonella Typhimurium suspended in TSB, PBS, BPW, or FS was transferred to the egg surface using a pipette as described previously. For the preparation of fecal suspension, chicken feces were oven dried at 100
• C for 24 h, ground into a powder, resuspended in PBS, and sterilized by autoclaving. All eggs were air dried for 1 h following experimental contamination. The inoculum was confirmed by enumeration using Xylose Lysine Tergitol-4 agar (XLT-4, Difco).
Incubation and Hatching of Eggs
Eggs were stored at 18
• C for 24 h with relative humidity maintained at ≥ 70% (Essick Air Inc., Little Rock, AR). Eggs were then transferred to incubators (GQF Manufacturing Company Inc., Savannah, GA) and incubated under standard conditions.
Salmonella Recovery
Salmonella was enumerated from BPW egg surface rinsate as described previously (Gottselig et al., 2016) . When indicated, Salmonella was selectively enriched from the surface rinsate, crushed eggshell with membranes (Webb et al., 2014) , and 25 g of homogenized egg contents consisting of the albumin and yolk (Jones et al., 2012 ) using pre-enrichment in BPW, selective enrichment in Rappaport-Vassiliadis R-10 broth (RV, Difco), and selective isolation on XLT-4 agar. The gastrointestinal (GI) tract and yolk sac from developed embryos (18 d of incubation), the GI tract and retained yolk sac from newly hatched chicks (0 d posthatch), and the cecum from 14-day-old broiler chicks were aseptically collected for selective enrichment using RV and XLT-4. Eggs from which there were no colonies appearing on enumeration plates but were positive by selective enrichment were assigned the lower limit of detection of the assay for statistical analysis (2.0 log 10 cfu egg −1 ).
Advanced Oxidation Process Treatment
Eggs were treated using an automated H 2 O 2 /UV AOP egg sanitizer (Al-Ajeeli et al., 2016) , composed of a wire chain conveyor belt on which eggs were placed in commercial incubator flats and carried through 2 treatment stages. Each stage consisted of a spray chamber in which eggs were sprayed with 3.2% (wt/vol) aqueous H 2 O 2 and a UV chamber in which eggs were exposed to UV at an intensity of 10 mW cm −2 (G8T5 Germicidal lamps, General Electric Company, Cleveland OH). The speed of the conveyor was such that the complete run time for one flat of eggs was approximately 40 s.
Hatching and Grow-out
After 18 d of incubation, broiler hatching eggs were aseptically transferred to hatcher trays for the remaining incubation period. After 21 d of incubation, eggs were hatched and 200 chicks from each treatment group were placed for grow-out. Chicks were raised in floor pens under ABSL-2 biocontainment at the USDA-ARS Southern Plains Agricultural Research Center (College Station, TX) and provided potable water and an unmedicated broiler starter ration that met or exceeded NRC (1994) requirements ad libitum. At 0 and 14 d posthatch, 20 chicks from each treatment were euthanized and the ceca were aseptically dissected for evaluation of gastrointestinal colonization by Salmonella. All procedures were performed as approved by the USDA Animal Care and Use Committee.
Tray liners were placed in hatchings trays immediately prior to the transfer of eggs to the hatchers for recovery of Salmonella after hatching. Salmonella was selectively enriched from tray liners by pre-enrichment using 300 mL BPW, selective enrichment using RV, and selective isolation using XLT-4 agar.
Statistical Analysis
Salmonella counts were log 10 transformed and analyzed using the Kruskal-Wallis or Mann-Whitney tests as appropriate for the number of treatment groups. Results from multiple independent assays were pooled for analysis and blocked by assay. Significantly different means were separated using the Steel-Dwass test post hoc. Prevalence of Salmonella from eggs and chicks was analyzed using Pearson's χ 2 test. Statistical significance was considered at P ≤ 0.05.
RESULTS
Evaluation of Experimental Contamination Methods
The effect of the application method and medium used to experimentally contaminate eggs on the recovery of Salmonella was evaluated. Salmonella was enumerated from the surface of eggs upon which the inoculum was applied using a pipette, gauze pad, cotton ball, or sponge and uninoculated control eggs at 1 h post-inoculation and after 24 h of cooled storage (Figure 1) . At 1 h post-inoculation, more Salmonella was recovered from eggs experimentally contaminated using a pipette, gauze pad, and cotton ball than from eggs experimentally contaminated using a sponge. However, at 24 h post-inoculation recovery of Salmonella was greater from eggs experimentally contaminated using a pipette than from those inoculated using the other methods.
Salmonella was enumerated from the surface and selectively enriched from the surface rinsate and crushed shell and membranes of eggs that were experimentally contaminated with Salmonella using TSB, BPW, PBS, or FS, and uninoculated eggs up to 14 d of incubation (DOI). Over the time course of the experiment, the recovery of Salmonella and the number of eggs from which Figure 1 . Evaluation of application methods. Salmonella was recovered from the surface of eggs experimentally contaminated with Salmonella Typhimurium using a pipette, gauze pad, cotton ball, sponge, or uninoculated eggs (UNI) at 1 h (black) and 24 h (white) post inoculation. The mean ± SEM log 10 cfu egg −1 Salmonella from 10 eggs per treatment from 2 independent assays are shown. Different letters indicate significantly different means (P ≤ 0.05).
Salmonella was detected was greater when eggs were experimentally contaminated using TSB than from those inoculated using the other media. Counts of Salmonella recovered from the surface decreased over time for all treatments and there was no significant difference between inoculation media beginning at d 7 of incubation ( Figure 2A) . Overall, the number of eggs from which Salmonella was detected was greater when eggs were inoculated using TSB ( Figure 2B ). Significant differences were observed between inoculation media at d 7, with Salmonella being detected from more eggs inoculated using a TSB suspension than from eggs inoculated using the other media. However, no significant difference was observed in between any of the inoculation media by d 14.
Salmonella was enumerated from the surface of sanitized and unsanitized eggs that were experimentally contaminated with Salmonella suspended in TSB, PBS, FS, or BPW, and uninoculated eggs (Figure 3) . Salmonella was not detected from any eggs which had been sanitized using the H 2 O 2 /UV AOP egg sanitizer. Treatment using the H 2 O 2 /UV AOP egg sanitizer reduced Salmonella on experimentally contaminated eggs up to 7 log 10 cfu egg −1 when compared to unsanitized eggs. Based on these results, eggs were experimentally contaminated by pipetting a Salmonella suspension in TSB onto the eggs for all subsequent assays.
Effect of Storage Time Prior to AOP Sanitization
The effect of the duration of storage prior to H 2 O 2 /UV AOP sanitization of eggs on the reduction of Salmonella was evaluated. Eggs were experimentally contaminated and stored for up to 7 d before being sanitized. Following sanitization, Salmonella was enumerated from the surface and selectively enriched from the surface rinsate, crushed shell and membranes, and contents of eggs. The reduction of Salmonella • C for 0, 1, 2, 3, 5, or 7 d prior to being sanitized. Salmonella was recovered from sanitized (squares) and unsanitized (circles) eggs. (A) Counts of Salmonella recovered from the surface are reported as the mean ± SEM log 10 cfu egg −1 , and (B) the prevalence of Salmonella is reported as the percent of eggs from which Salmonella was selectively enriched from the surface rinsate, shell and membrane crush, or egg contents. Results from 10 eggs per treatment at each time point from 2 independent assays are shown.
* Indicates difference between groups at time point (P ≤ 0.05).
contamination was greater when eggs were stored for a shorter amount of time prior to the sanitization treatment, and Salmonella was not detected from the surface of any eggs treated with the egg sanitizer. Over the time course of the experiment, counts of Salmonella recovered from the surface of untreated eggs were significantly greater compared to treated eggs until 5 d post-inoculation ( Figure 4A) . Overall, the number of eggs from which Salmonella was detected was greater when eggs were left untreated ( Figure 4B ). However, no significant difference was observed beginning on d 5 of cooled storage.
H 2 O 2 /UV AOP Sanitization Reduces Salmonella Contamination of Eggs during Incubation
The effect of H 2 O 2 /UV AOP sanitization on Salmonella contamination of eggs during 18 d of incubation was evaluated. Salmonella was enumerated from the surface and selectively enriched from the surface rinsate, crushed shell and membranes, and contents of experimentally contaminated eggs that were −1 , and (B) the prevalence of Salmonella is reported as the percent of eggs from which Salmonella was selectively enriched from the surface rinsate, shell and membrane crush, or egg contents. Means from 10 eggs per treatment from 2 independent assays are shown.
* Indicates difference between groups at time point (P ≤ 0.05). untreated or treated using the H 2 O 2 /UV AOP egg sanitizer. Salmonella was not detected from the surface of any eggs that were treated using the egg sanitizer ( Figure 5A ), and Salmonella was detected from fewer treated eggs as compared to untreated eggs ( Figure 5B ). The counts of Salmonella recovered from the surface of untreated eggs decreased over time with no significant difference observed between treated and untreated eggs beginning on d 11 of incubation. Overall, the number of eggs from which Salmonella was detected was fewer when eggs were treated using the egg sanitizer. However, no significant difference was observed after d 4 of incubation.
H 2 O 2 /UV AOP Sanitization of Eggs Reduces Salmonella in Broiler Chicks
The effect of H 2 O 2 /UV AOP sanitization of eggs on the prevalence of Salmonella in chicks hatched from experimentally contaminated eggs was evaluated (Table 1) . Salmonella was selectively enriched from the gastrointestinal tract of chicks at 0 and 14 d posthatch. Salmonella was not detected in any chicks hatched from eggs treated using the egg sanitizer. Additionally, Salmonella was not detected on tray liners from hatchers containing eggs treated using the egg sanitizer but was detected on all tray liners from hatchers containing unsanitized eggs (data not shown). Salmonella was detected in the gastrointestinal tract of 5% and 10% of broiler chicks hatched from unsanitized eggs at 0 and 14 d posthatch, respectively. Cumulatively through 14 d posthatch, Salmonella was detected from 7.5% of chicks hatched from unsanitized eggs, whereas Salmonella was not detected from any chicks from sanitized eggs (P = 0.027).
DISCUSSION
The development of interventions to reduce Salmonella present on eggs entering the hatchery is expected to contribute to reducing Salmonella contamination of eggs during incubation and in newly hatched chicks (Cason et al., 1994) . Once on the egg surface, invasion and survival of Salmonella in the egg results in a reservoir for potential infection of naïve chicks after hatch (Bailey et al., 1996) . Hydrogen peroxide (H 2 O 2 ) (Sheldon and Brake, 1991; Padron, 1995; Sander and Wilson, 1999) and ultraviolet light (UV) irradiation (Kuo et al., 1997; Chavez et al., 2002; Coufal et al., 2003) have been demonstrated to be effective in reducing surface microbial contamination of eggs. When used together as an Advanced Oxidation Process (AOP), UV photolysis of H 2 O 2 results in the rapid generation of highly reactive oxygen species able to effectively inactivate vegetative bacteria, bacterial spores, and viruses (Bayliss and Waites, 1982; Mamane et al., 2007; Ikai et al., 2010) . The H 2 O 2 /UV Advanced Oxidation Process has been demonstrated previously to be an effective and safe method to reduce total aerobic bacteria and Salmonella on the surface of eggs by 3 and 5 log 10 cfu, respectively (Wells et al., 2010; Gottselig et al., 2016) . In this study, we evaluated the effect of H 2 O 2 /UV AOP sanitization of eggs on Salmonella contamination during incubation, hatching, and early grow-out.
Although the effectiveness of this and other eggsanitizing treatments (Cox et al., 2007; Buhr et al., 2013; Al-Ajeeli et al., 2016) in reducing Salmonella contamination of eggs has been widely researched, few studies have followed the subsequent effect of the sanitizing treatments on Salmonella contamination of eggs through incubation and hatching and evaluated the colonization of chicks hatched from sanitized eggs. In this study, eggs were experimentally contaminated using a primary poultry isolate of Salmonella Typhimurium used widely in studies in which broiler chickens were experimentally infected (Byrd et al., 1998) in order to facilitate gastrointestinal colonization of broilers hatched from contaminated eggs. Although the isolate used in this study was marked with antibiotic resistance, antibiotics were not used in the recovery medium so that all Salmonella regardless of origin could be recovered and included in our analysis. Additionally, nonexperimentally contaminated controls were included in the assays in order to further account for any naturally occurring Salmonella.
We evaluated several procedures to identify an appropriate method for the experimental contamination of eggs for use in this study. Although immersion in a microbial suspension is widely used for experimental contamination of eggs, it has been demonstrated to facilitate bacterial penetration through the eggshell pores (Berrang et al., 1999) , confounding evaluation of the effectiveness of surface-acting treatments on the reduction of microbial contamination (Musgrove et al., 2010) . Gottselig et al., 2016 demonstrated that more Salmonella was recovered from crushed shells and membranes of H 2 O 2 /UV AOP sanitized eggs inoculated by immersion than from surface rinses, suggesting immersion of eggs promoted penetration of Salmonella through the pores limiting its exposure to the H 2 O 2 /UV surface treatment. Additionally, counts of Salmonella have been reported to decline under normal conditions of egg incubation (Lancaster and Crabb, 1953; Cason et al., 1993) . Thus, an inoculation method that maximized surface contamination and minimized eggshell penetration was needed to evaluate treatment of eggs using H 2 O 2 /UV AOP sanitization. Of the non-immersive methods evaluated in this study, we determined using a pipette to inoculate eggs provided the most consistent application to the eggshell surface. Survival of Salmonella on eggshells is reduced at higher temperatures with high relative humidity when compared to lower temperatures and low relative humidity (Simmons et al., 1970; Radkowski, 2002) . We evaluated the effect of the medium used to prepare the inoculum on the recovery of Salmonella from eggs during incubation. TSB, BPW, a fecal suspension, and PBS were evaluated for the persistence of Salmonella contamination of eggs during incubation. Overall, recovery of Salmonella during storage and incubation was greater from eggs experimentally contaminated with Salmonella Typhimurium suspended in TSB as compared to the other inoculation media. We speculate that nutrients contained in a growth medium such as TSB may promote the survival of Salmonella on eggshells during incubation. Additionally, we did not observe organic matter in the fecal suspension to reduce effectiveness of the sanitization treatment suggesting the H 2 O 2 /UV AOP may be less sensitive to reduced effectiveness by organic matter than other sanitizing treatments.
It has been demonstrated that enrichment from the pores and membranes of the eggshell may allow detection of microorganisms that may have been missed by a surface rinse alone (Musgrove et al., 2005) , suggesting that limiting enrichment to one component of the egg may result in failure to detect Salmonella present in another component. In this study, we enumerated Salmonella from the shell rinsate and selectively enriched for Salmonella from the eggshell rinsate, crushed shell and membranes, and the egg contents. There were several eggs for which Salmonella was not detected in the shell rinsate or crushed shell and membranes, but was detected in the egg contents (data not shown). Thus, sensitivity of Salmonella detection from eggs was increased when all components of the egg were used.
Salmonella has been demonstrated to be able to penetrate eggshells almost immediately after contamination (Williams et al., 1968) , with greater penetration being observed with increased duration of exposure to Salmonella (Williams et al., 1968; Berrang et al., 1998) . Additionally, eggs are routinely stored prior to incubation to delay the onset of embryonic development (Mauldin, 2002) . In this study, we evaluated the effect of the duration of storage prior to sanitization on the reduction of Salmonella. Salmonella prevalence in eggs sanitized more than 3 d following initial contamination was similar to Salmonella prevalence in unsanitized eggs. However, no difference was observed in the percent of Salmonella positive eggs when sanitized after one d of storage. In a previous study, fewer Salmonella were recovered from the crushed shell and membranes of eggs sanitized 1 min following contamination than from those sanitized 24 h following contamination . Thus, sanitizing eggs as soon after lay as possible is expected to minimize internalization of Salmonella.
We have demonstrated that treatment of eggs using H 2 O 2 /UV advanced oxidation can reduce Salmonella on the surface up to 7 log 10 cfu egg −1 and reduce the number of Salmonella positive eggs up to 75% prior to being set for incubation. Additionally, we did not detect Salmonella on the surface of any eggs following treatment with the egg sanitizer. Quaternary ammonium compounds (QAC), chlorous compounds (Knape et al., 2001) , acidic electrolyzed oxidizing water (EOW) (Fasenko et al., 2009) , and peroxidase catalyzed compounds (PCC) (Kuo et al., 1996) have also been demonstrated previously to reduce Salmonella contamination of eggs. However, the concentrations of QAC required to reduce Salmonella on hatching eggs have been shown to reduce hatchability (Bourassa et al., 2002) , and Salmonella was still detected on the surface of eggs following treatment with chlorous compounds (Choi et al., 2015) , EOW (Bialka et al., 2004 ), or PCC (McKee et al., 1998 . However, repeated treatment with H 2 O 2 /UV was not observed to reduce hatchability or chick quality (Wells et al., 2011) .
We have demonstrated the H 2 O 2 /UV Advanced Oxidation Process to be an effective surface-acting treatment for the reduction of Salmonella contamination of eggs. We have also demonstrated that H 2 O 2 /UV AOP sanitization of eggs prior to incubation reduced the incidence of Salmonella contamination in broiler chicks hatched from treated eggs through 2 weeks posthatch. The horizontal transmission of Salmonella from contaminated eggs during hatching to chicks in the same hatcher (Cason et al., 1994) and from infected to naïve chicks within the same flock (Byrd et al., 1998) has been demonstrated previously. Although we did not evaluate Salmonella contamination from other sources after leaving the hatchery, our results suggest the H 2 O 2 /UV AOP egg sanitizer could be a potentially important intervention as part of a broader Salmonella reduction program.
In this study, we evaluated the effect of H 2 O 2 /UV Advanced Oxidation Process sanitization of experimentally contaminated eggs on Salmonella contamination during incubation, hatching, and early grow-out, and have demonstrated the effectiveness of this surface acting treatment in reducing Salmonella contamination of eggs and of the subsequent colonization by Salmonella of chicks hatched from treated eggs. The ability of the automated H 2 O 2 /UV AOP egg sanitizer to dramatically reduce Salmonella contamination of eggs without reducing hatchability suggests significant advantages of H 2 O 2 /UV advanced oxidation over chemical sanitizers.
We have demonstrated the application of this technology to be a potentially important intervention as part of a broader, overall Salmonella reduction program. The further development and application of this and other Advanced Oxidation Process technologies is expected to improve overall animal health, productivity, and microbial food safety of poultry.
